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Abstract

Morphometric measurements of martian valley networks using Mars Orbiter Laser
Altimeter (MOLA) topographic data yield mean valley width values of X+ o : 2040 + 1548 m
and depth values of X+ : 109 £ 137 m. Our analysis of changes in valley shape with latitude
and wall slope with depth indicate infilling and mass wasting processes have not greatly altered
the original valley shape; thus, valley network morphometry is dominantly due to channel
formation mechanisms. Both U- and V-shape profiles are observed, commonly within the same
valley network system. The average U-shape valley is slightly deeper (18 m) and significantly
wider (1313 m) than its V-shape counterpart. Valley networks have decreasing width-to-depth
ratios and increasing wall slopes as valley depth increases. Our observations are consistent with a
two-phase valley network formation model proposed by Baker and Partridge [1986]. (1)
Valleys initially form via surface runoff, a process that creates V-shape profiles and quasi-
dendritic form. The observed linear correlation of top width and depth (below 125 m depth)
suggests the depth of vertical incisement governs top width. (2) Reactivation of the same valleys
by headward extending sapping processes widens the channel to form U-shape cross-sections in
downstream reaches. The availability of liquid water within a few hundred meters of the surface
appears to be a necessary requirement for valley network formation. Mean valley depth
decreases by ~50 m from equatorial to higher latitudes (~50°), contrary to the relationship
predicted if the sapping depth was governed by the ice-water boundary. Deeper equatorial valley
networks may result from latitudinal variations in the availability of water or formation

efficiency.



Introduction

Martian valley networks are frequently cited as the best evidence that liquid water once
flowed over the surface of Mars [e.g. Carr, 1996; Baker et al., 1992]. While the fluvial origin is
generally accepted, controversy remains over the relative role of various formation processes
including ground water sapping [Sharp and Malin, 1975; Pieri, 1980; Howard et al., 1988;
Goldspiel and Squyres, 2000], surface runoff [Baker and Kochel, 1979; Gulick and Baker, 1990]
and ground water flow resulting in subsurface solution and erosion [Malin and Carr, 1999; Carr
and Malin, 2000]. In addition, the role of liquid water in the formation of valley networks has
led to the suggestion that Mars may have had a warmer and wetter climate in the past.
Researchers have proposed that valley networks largely formed during an early period in martian
history with a more clement climate [Sagan et al., 1973; Pollack, 1979; Carr, 1981]. Baker et
al. [1991] advocate repeated, short-term warm climate periods occurring throughout martian
history. Thus, understanding the timing and formation processes for valley networks is
important for deducing past martian climatic conditions.

The high resolution topographic data set from the Mars Orbiter Laser Altimeter (MOLA)
[Zuber et al., 1992; Smith et al., 1999] on the Mars Global Surveyor (MGS) spacecraft [Albee et
al., 1998] affords the opportunity to study the morphometry of valley networks in detail.
Although Goldspiel et al. [1993] conducted a photoclinometric study of morphometry for 45
representative valley networks, the present study is the first to examine a global data set of valley
network measurements. The primary goal of this study is to employ MOLA data to determine
quantitatively valley network shape and examine changes in morphometry as a function of

geographical location. Characterization of valley network morphometry is important in



determining the geologic, hydrologic and climatic conditions required for formation, and our
morphometric data base is interpreted in terms of models for valley network origin.
Background

Nearly all valley networks cut Noachian terrain in the southern highlands [Pieri, 1976]
and are concentrated within the older parts of the densely cratered terrain [Carr and Clow, 1981].
However, some valley networks are found on younger volcanic terrains or in regions with steep
slopes, such as impact craters [Gulick and Baker, 1990; Craddock and Maxwell, 1993]. This
distribution implies that most valley networks formed early in martian history, probably during
the Noachian era [Carr and Chuang, 1997] and is consistent with the model of an early warm,
wet Mars with high erosion rates that transitioned to a cold, dry planet with minimal erosion
rates [e.g. Carr, 1992; Craddock and Maxwell, 1993; Golombek and Bridges, 2000]. While
there is general agreement that water was involved in the formation of valley networks [Mars
Channel Working Group, 1983; Carr, 1996], debate continues over the style of erosion (sapping,
surface runoff, ground water discharge, solution, etc). It has long been noted that valley
networks broadly resemble terrestrial drainage systems. Like terrestrial river valleys, valley
networks are narrow and often have sinuous reaches with branching tributary systems (quasi-
dendritic form). However, many valley network attributes suggest an alternate or complementary
process to surface fluvial activity: U-shaped profiles, uniform top width over long distances,
cliff-like walls, rounded amphitheater terminations to tributaries, patterns of branching and
rejoining, lines of closed depressions extending beyond valley head [Carr and Malin, 2000], the
lack of channel bedforms, and low drainage densities for valley networks [Carr and Chuang,

1997] relative to terrestrial fluvial environments.



Formation Processes

The extreme variations in valley network cross-sectional profile shape (V- to U-shape)
and planimetric form (quasi-dendritic to long, sinuous valleys with a few, short ampitheater-
termination tributaries) suggest that valley networks are complex landforms that likely resulted
from multiple processes. Further, the preservation state of valley networks also varies and the
same network may contain both pristine and degraded segments [Baker and Partridge, 1986;
Carr and Malin, 2000]. A variety of formation processes have been proposed and are briefly
described below. Note that all of the mechanisms below, except 1b, require a climate more
suitable to the stability of surface or near-surface water than the present arid, frigid climate.
1) Surface Runoff.

a) Fluvial surface runoff [Sharp and Malin, 1975]. Fluvial activity deriving from
precipitation or ground water aquifers is consistent with the observed quasi-dendritic
valley network shape and sinuous character of some networks. While precipitation was
unlikely to have been directly responsible for carving the valley networks because of the
observed low drainage density [Carr and Chuang, 1997] and lack of small-scale valleys
(less than 100 m wide) in Mars Orbiter Camera (MOC) images [Malin et al., 1992; Carr
and Malin, 2000], it may have aided their formation by recharging the ground water
system [Squyres, 1989a]. Recharge by basal melting at the pole and transport of the
meltwater through a global, interconnected megaregolith from the pole to the equator has
also been proposed [Clifford, 1993; Clifford and Parker, 2001]. MOC observations of
fresh-appearing valleys with V-shaped profiles and inner channels in regions suggest
formation by sustained or episodic flow across the surface emanating from a ground

water or surface runoff (i.e., precipitation) source.



b)

Fluvial, ice-covered [Wallace and Sagan, 1979; Carr, 1983]. Under current climatic
conditions, small-scale streams would freeze rapidly. Detailed thermodynamic modeling
has demonstrated that an ice cover can enable small-scale flows to survive long enough
for the channels to form. However, concern persists that the development of icings
within the stream would quickly retard flow as is observed in spring-fed streams in
terrestrial sub-zero temperature environments [Sloan et al., 1976; Williams and Smith,

1989; Carr, 1983].

2) Sapping.

a)

b)

Ground water sapping. Sapping refers to a process whereby ground water discharges to
the surface at a point of geological control (i.e., joint or fault) and undermines the
overburden to generate headward erosion at its point of emergence [e.g. Dunne, 1980,
1990]. This mechanism is consistent with the ampitheater terminations of tributaries, the
U-shape cross-sectional shape and the relatively constant width from source to outlet
[Laity and Malin, 1985]. The resulting debris is removed via fluvial processes.
Geothermal sapping [Squyres, 1989b]. Seepage erosion would be focused at the
ice/water interface (273 K isotherm). The depth to the base of the cryosphere (melting
isotherm), z., can be calculated from

2, =K(T,, —T,)/q (1)

where K is the thermal conductivity of the cryosphere, q is the surface heat flux, and T,
and T are, respectively, the melting point temperature of ice and the local mean annual
surface temperature [Fanale, 1976]. Based on current mean annual surface temperature,
estimated values for geothermal heat flow [(~30 mW m™) [Schubert et al., 1992], thermal

conductivity (2.0 W m™ K™), and melting temperature, the depth to the base of the



cryosphere at present varies from ~2.3-3.7 km at the equator to approximately ~6.5-8 km
at the poles [Clifford and Hillel, 1983; Clifford and Parker, 2001] Thus, there is a
poleward increase in the depth to the base of the cryosphere reflecting the latitudinal
decline in mean annual surface temperature. As geothermal heat flux was greater in the
past [e.g. Stevenson et al., 1983; Schubert et al., 1992], the cryosphere thickness must
have increased with time. Clifford and Parker [2001] use present mean annual surface
temperature to estimate the depth to the base of the cryosphere at 4 Ga to be ~0.5-0.7 km
at the equator and ~1.3-1.6 km at the poles. Regardless of absolute depth, the geothermal
sapping hypothesis implies that the deepest valley networks should be located at higher

latitudes where the depth to the ice/water interface is greatest.

3) Water-lubricated mass wasting [Carr, 1995]. In this model, the channel forms as a result of

4)

slope failure primarily at the head, but also on the channel walls. Headward erosion by
ground water sapping may have aided the dominant mass wasting process. Ground water
seepage mobilizes the debris and creates a slow moving (cm/yr) debris flow. MOC
observations of gullies developed on crater walls show fill apparently derived from the walls
of the gully and striae indicating material was transported downslope within the gully [see
Figure 12a in Carr and Malin, 2000]. While it is unclear whether this mass wasting process
formed the gully or resulted from the presence of the gully, MOC examples showing similar
evidence for mass processes in valley development are rare indicating that this model is
unlikely to be the dominant valley network formation process.

Ground water flow [Carr and Malin, 2000]. MOC images of valley networks reveal sinuous
sections and discontinuous lines of closed depressions sections in Hephaestus Fossae and

Hebrus Vallis. Carr and Malin [2000] interpret these observations as evidence for massive,



channelized, subsurface flow of water resulting in either erosion (piping) of loose friable
material or, more likely, solution.
Methodology
This study builds upon the valley network GIS database compiled by Carr [1995] in
ARC/INFO [Environmental Systems Research Institute, 1992]. The database catalogs more than
9000 valley network segments including more than 800 individual systems. The attribute file for
each feature includes parameters such as latitude, longitude, length, stream order and maximum
age (defined as the youngest geologic unit a valley network cuts). MOLA has a spot size of 150
m in diameter and a footprint-to-footprint spacing of ~300 m along track with a vertical precision
of ~30 cm [Smith et al., 1998]. A search algorithm is used to identify which valley networks are
sampled by MOLA for a particular MGS orbit. For each valley network crossing, morphometric
measurements of valley network depth, top width, bottom width, and minimum elevation are
derived from the MOLA dataset and then incorporated into the database. The same
measurements are made for interior channels, where observed. In addition, parameters detailing
the orientation of the groundtrack with respect to the valley network strike are also included so
that an estimate of the true local cross-sectional parameters can be made from each oblique
crossing. This study excluded measurements from orbits that had a near parallel (<15°)
alignment with valley network strike.
Figure 1 illustrates an asymmetric valley network profile where the valley walls have
different heights and provides a useful example to define the measurements made. Top width
(Wr) is measured as a horizontal line from the lowest valley rim across the valley to the adjacent

wall. Bottom width (Wg), when resolved in the MOLA profile, is the relatively horizontal



portion of the profile covering the valley floor. Valley depth (D) is the difference between
average wall elevation and minimum channel elevation.
Results

This study examines 1868 MOLA crossings of valley networks acquired through the first
three months of mapping data. Valley networks have been identified on a variety of geologic
terrains, and the database samples valley networks in all of the regions where they are located
(Figure 2). The measurements are concentrated on the southern highland terrain where valley
networks primarily occur. Table 1 summarizes our quantitative assessment of valley network
morphology.  The distribution of valley top width, depth, and top-width-to-depth (F)
measurements are distinctly unimodal as illustrated in Figure 3. The standard deviation of the
mean for both top width and depth is skewed by the small fraction of wide (>4 km) and deep
(>200 m) valley networks. Interior channels were extremely rare (<1%) in our observations.
Thus, the characteristic valley network shape is a few kilometers in width and 100 m deep with
corresponding top-width-to-depth ratios (F) between 13 and 37. Figure 4 illustrates that valley
top widths are correlated with valley depths up to approximately 125 m depth and this
correlation is reasonably approximated by a straight-line fit; this encompasses a majority (~77%)
of the valley network measurements within the study. (Extremely atypical valley networks with
depths >275 m, comprising 4% of the database, were not included in this analysis.) At depths
greater than ~125 m, average top width values deviate from the straight-line fit. Valley network
shape, as characterized by the top-width-to-depth ratio, F, shows a distinct decline as a function
of depth (Figure 5). Thus, as valley networks become deeper, their aspect ratio declines.

Also, the data set was examined for any latitudinal dependence of morphometry. Figures

6a and 7a are plots of mean top width and depth, respectively, in 5° latitude bins. The larger
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error bars in the northern hemisphere stem from the lower occurrence of valley networks there.
Despite the scatter in these plots, it appears that both width and depth decrease with increasing
latitude, particularly in the southern hemisphere. To evaluate these observations, a t-statistic was
used to test the null hypothesis that the means from adjacent 20° latitude bins are the same [e.g.
Wadpole and Myers, 1985]. The two-tail P-value is the probability that, assuming the null
hypothesis is true, randomly selected samples would have means as far apart as those observed
with either group having the larger mean. P-values less than 0.05 provide strong evidence that
the difference between the two populations is real (only 1 in 20 chance that observed difference
in means is due to chance) [Kitchens, 1987]. There is a statistically significant narrowing of the
valley network top width by approximately 0.5 km at higher southern latitudes and low northern
latitudes, relative to equatorial valley networks (0° latitude bin) (Figure 6b). The small P-values
obtained in comparing the depth bins (Figure 7b) indicates that the population means are
different (i.e. the null hypothesis is rejected) at the 95% confidence level. From Figure 7b, it is
observed that mean depth decreases by approximately 50 m from the equator to higher latitudes
(£ 50°).

In addition, the characteristics and geographical distribution of U- and V-shape valleys
was examined. Valley shapes were classified as V-shape (profile comes to a distinctive point) or
U-shape (at least two MOLA shots at approximately the same elevation indicative of a flat-
floor). Approximately 60% of the cross-sections within the database had a V-shape profile. The
average U-shape valley is 18 m deeper and 1313 m wider than the average V-shape valleys.
Again, the t-statistic was employed to examine latitude correlations for V- and U- shape valleys,
as described above. In the V-shape case, a pronounced narrowing (~520 m) of top width for

valleys at high latitudes was noticed relative to the equatorial valleys (Figure 8a). This result is
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consistent with that obtained for the entire data set (Figure 6b). However, top width does not
show any latitude dependence in the U-shape case (Figure 8b). The two-tailed t-statistic results
indicate the null hypothesis (the mean top width is the same in comparing all latitude bins in the
U-shape case) is accepted at the 95% confidence level. Figure 9a illustrates that V-shape valleys
also exhibit the decrease in depth (~75 m) between the equator and higher latitudes observed in
the entire data set (Figure 7b). However, in the U-shape case (Figure 9b), the null hypothesis
that the mean depths are the same between -30° and 30° latitude is accepted at the 95 %
confidence level based on the two-tailed t-statistic results. There is a statistically significant
decreases in mean depth between the equator and the highest latitude bin (x 40°), however, the
magnitude is ~30 m to the south and ~75 m to the north. Thus, the U- shape valleys do exhibit
shallower average depths at high latitudes relative to equatorial U-shape valleys. In summary,
V-shape valleys exhibit the depth and top width latitude dependence observed in the entire
dataset while the U-shape valleys only display the decrease in depth at higher latitudes
relationship.

Finally, the distribution of U- and V-shape valleys within a single network was
examined. In 41% of the networks sampled in this study, both U- and V- shapes occurred within
the same system. Baker and Partridge [1986] made the observation that U-shape valleys are
preferentially found in the downstream reaches and V-shape valleys are typically located in the
upstream reaches of a valley network system and they advocate the following formation scheme
to explain the distribution of cross-sectional shape within the same valley network system: 1)
development of valley networks via overland flow runoff which yields a VV-shape cross-sectional
valley shape; 2) formation of the intercratered plains, which may have partly buried the valley

networks by lava flows and sedimentation; 3) reactivation of the valley networks by headward
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sapping processes producing the pristine, U-shape valley networks which 4) cease formation at
approximately the termination of the heavy bombardment (3.8-3.9 bya). The last two steps
occurred very rapidly and are constrained to a 1 X 10° year window by crater counts between the
densely cratered terrain and the intercratered plains.  As a test case, the valley network shape
derived from MOLA crossings of the Loire Valles system that originates in the Parana Basin of
Margaritifer Sinus were examined (Figure 10). This example illustrates the relationship of U-
shape predominantly located in the trunk of the system (branches with high stream order) and V-
shape profiles located on tributaries (branches with low stream order) and in the upstream section
and supports the observations made by Baker and Partridge [1986]. Additional investigation of
the distribution of V- and U-shape valleys within network systems should be undertaken in the
future and awaits further collection of data to increase the number of profiles within a single
system (within the present database, the vast majority of networks have less than 5 data profiles).
Assessment of Post-Formation Modification of Valley Networks

Post-formation channel modification may have altered the original valley network shape.
Subsequent aeolian deposition or mass wasting infilling would yield a shallowing of valley
networks. Widening of the channels after formation could occur through weathering and mass
wasting processes. Thus, the measured depths are minimum and the widths are maximum
estimates of unmodified valley network values. In order to assess the usefulness of the measured
morphometric parameters for evaluating valley network genesis, the degree of post-formation
valley network morphometric alteration must be assessed.

The presence of dunes in topographic lows on Mars suggests that wind blown material
has affected valley network depth [Breed et al., 1982; Ward et al., 1985]. High resolution MOC

images of valley networks confirm the presence of dunes in many valley networks. Further,
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aeolian deposition has been invoked to explain the lack of observed interior channels within
valley networks [Malin and Carr, 1999] and the observed flat-floored profile of some valleys
[Carr and Malin, 2000]. However, Goldspiel et al. [1993] estimate less than 20 m of aeolian
infill based on small crater rim heights preserved on valley network floors. Furthermore, the
hypothesis that the observed depth decrease as a function of latitude (Figure 7) is the result of a
latitude-dependent sedimentation process can be evaluated through examination of the change in
top-width-to-depth ratio, F, as a function of latitude (Figure 11). For the V-shape case, both
width and depth decrease with higher latitude to preserve constant F (Figures 8, 9 and 11).
Evolution scenarios that could produce this observation are labeled ambiguous in Table 2. The
fortuitous filling as a function of latitude to transform valleys that initially formed with F varying
as a function of latitude to a uniform F value is doubtful. Thus, the simplest explanation is that F
was constant as a function of latitude at the time of V-shape valley development. To preserve
the constant F as a function of latitude would require either fill to decrease as a function of
latitude or minimal modification of the valley shape by infilling. In the U-shape valleys, F
increases as a function of latitude (Figure 11). If this relationship is due to infill, then either the
amount of sedimentary fill will increase or be constant as a function of latitude (Table 2). Notice
this is contrary to the V-shape case (decrease in fill as latitude increases) and we expect
sedimentary fill processes to affect V- and U-shape valleys in the same manner. Thus, this
analysis indicates that modification of valley shape by sedimentary infill is unlikely and this
reinforces the contention that post-formation aeolian sedimentation in valley networks was
minimal.

Infilling could also result from mass wasting processes whereby rock is dislodged and

transported downslope under the influence of gravity. Given the relatively large widths of
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valleys (few kms), the debris shed is likely to remain concentrated near the valley walls and may
not have had a significant effect on maximum valley depth. MOC images do show talus slopes
meeting at the center of the valley in fresh-appearing systems; however, for wide valley
networks, the talus aprons do not meet in the center, but are confined near the walls [Carr and
Malin, 2000]. In addition, MOC images show small dark streaks on valley slopes associated
with fine-scale mass movement that would not significantly affect valley shape. Furthermore, as
will be demonstrated in the next section, average valley wall slope increases with depth, which is
contrary to mass wasting processes that result in a reduction in wall slope. Thus, if the observed
steepening of wall slopes with depth is a primary feature associated with valley network
formation, it suggests that mass wasting processes have not greatly altered the original valley
shape.

Several observations suggest that landforms in the mid-latitudes were modified by water,
in liquid or frozen form. 1) Rounded and subdued surface features, particularly within craters, in
the 30° - 60° latitude belts, have been interpreted to be the result of terrain softening as the result
of ice-abetted creep of mass-wasted debris [Squyres and Carr, 1986]. 2) Lobate debris aprons,
interpreted to be analogous to terrestrial rock glaciers, are also found in 25° bands centered at 40°
N and 45° S [Squyres, 1978, 1979]. Ground ice to produce softened terrain and debris flows may
be the result of precipitation from the atmosphere [Squyres, 1979] or derived directly from the
ground [Lucchitta, 1984]. 3) High resolution MOC images show gullies on cliffs and crater
walls at mid- to high-latitudes (30° - 70°) interpreted as caused by seepage-fed surface runoff
recently in martian geologic history (<1 million years ago) [Malin and Edgett, 2000]. 4)
Furthermore, theoretical models predict the presence of near-surface ground ice in the mid- to

high-latitudes [e.g. Farmer and Doms, 1979; Clifford and Hillel, 1983; Fanale et al., 1986]. The
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most problematic aspect of this hypothesis is the lack of morphological expression indicating
that ice-abetted creep preferentially modified mid-latitude valleys over near-equatorial valley
networks. Unlike the fretted terrain, valley network floors do not show longitudinal striae,
compressional ridges where opposing debris aprons meet or lobate terminations. While
modification of valley networks by ice or water-lubricated debris flows can not be excluded, we
are troubled by the lack of apparent distinction in landform style between equatorial and mid-
latitude valley networks and the lack of diagnostic landforms suggesting water mobilized debris
flows.

As noted earlier, varying degrees of preservation of valley networks have been
documented. Baker and Partridge [1986] mapped 25 valley network systems at a 1:2,000,000
scale and recognized that both degraded and pristine sections are present within the same
network complex. They characterize degraded sections as valleys that have scalloped or rilled
valley walls, indistinct valley widths, and low slope angle on valley walls. The degraded valley
networks were preferentially found in the headward areas of the network system on densely
cratered terrain and were often separated from the pristine sections by knickpoints. The pristine
sections were described as U-shape, have theater-like head tributaries and were preferentially
found downstream of degraded sections on younger, intercratered plains. Baker and Partridge
[1986] see evidence of minimal degradation of valley networks after the formation period (i.e.
post heavy bombardment), an observation consistent with the rapid decline in erosion rates since
the Noachian [e.g. Golombek and Bridges, 2000].

Based on the reasons given above, the measured morphometric parameters reported here

are interpreted to be representative of the valley network shape at the time of formation. While
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post-formation modification of valley network systems has undoubtedly occurred, the valley
morphometry is dominantly due to channel formation mechanisms.
Model of Valley Network Shape

Valley network shape, defined as the top width to depth ratio, F, decreases as valley
networks get progressively deeper (Figure 5). In an effort to elucidate the conditions of valley
network genesis, model cross-sections were constructed at several depths. The model used the
derived linear relationships between measured variables to produce characteristic profiles for the
two end-member case of flat-bottomed (U-shape) and V-shape cross-sections. For the V-shape
end member case, top width, W+, versus depth, D, exhibits the same deviation from the straight-
line fit at depths greater than ~125 m observed in Figure 4, which incorporated the entire data
set. Therefore, weighted linear regression lines were determined separately for binned data
(binsize is 25 m) below (Equation 2) and above 125 m (Equation 3). Correlation coefficients, R,
and standard error of regression, & , are given below, for the associated equations.

W, =821.8+11.1D )
R=0.96 & =156.7m

W, =1559.1+3.5D 3)
R=0.63 & =240.8m

For the VV-shape end member case, average wall slope, 6, is computed by the relationship

in Equation 2.4:

LU0 D O
9=tanlgmm (4)
/4[]

For the flat-floored (U-shape) case, 532 measurements of valley networks with bottom widths,

Wp, detectable in the MOLA profile were extracted. Again, there are deviations from the
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straight-line fit in plots of top width, Wy, and change in width, AW, as a function of binned depth
(binsize is 25 m) at depths greater than ~125 m. Therefore, weighted linear regressions were

derived separately for data below (Equations 5 and 7) and above (Equations 6 and 8) this value.

W, =1206.6+18.8D (5)
R =0.99 G =685m
W, =1100.5+13.3D (6)

R=0.74 0 =566.2m

AW =695.9 +11.1D ©)
R =0.99 §=52.6m
AW =193.2 +11.4D (8)

R =0.82 0 =427.3m
where AW is defined as
AW =W, -W, 9)
In the U-shape case, the equation for average wall slope is modified to

.0 D O

6 =tan WH (10)

The calculated values for model valley network shape derived from the relationships
given above are summarized in Table 3 and illustrated in Figure 12. For both cases, average wall
slope, 6, increases with increasing depth. That is, the wall slopes are the steepest in the deepest
valley networks. In addition, the width-to-depth ratio, F, decreases with depth in both cases.
Relative to V-shape profiles, the U-shape profiles have larger F value at a given depth.

Figure 13 illustrates individual MOLA profiles that approximately match the derived
model valley network shape. These profiles illustrate a steep break in slope at the valley rim

which coincides with bedrock outcrops [Carr and Malin, 2000]. Further, they show generally
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smooth valley walls at MOLA resolution. In roughly 40% of the MOLA profiles examined,
concavities near the valley floor where wall slopes shallow were observed (i.e. footslope) which
may be the result of small scale mass movements producing a talus slope (for example, see right
bank of Figure 13F). These talus slopes likely formed after valley network formation ceased, but
are relatively small-scale features that have not affected the measured depth or top width (Figure
1). Generally, these concavities were observed on only one side of the valley and did not extend
to the valley center; thus the measured depth is unchanged. However, their location close to the
floor may result in an under-estimation of bottom width for U-shape profiles.

An evolutionary relationship may exist between U- and V-shape valleys. Flat-bottom
floor valleys may have originally formed with a V-shape profile and were subsequently filled
with sediments to produce the observed flat floor (Figure 14a). This hypothesis is supported by
the MOC observation that the flat floors of valley networks are not flood plains, but are
interpreted as primarily the result of later aeolian fill [Carr and Malin, 2000]. To explore this
hypothesis, the wall slopes of U-shape valleys were extrapolated down to the apex in order to
approximate the proposed original valley shape (Table 4). The results of this analysis still
demonstrates F decreasing with increasing depth, although the F values are larger than
comparable V-shape F values for a given depth. Extrapolating the U-shape valley wall slopes
results in an original depth that is too shallow, compared to what is expected if the U-shape
originally had the same cross-sectional shape as V-shape valleys. Further, this hypothesis was
tested by examining the latitude dependence of top width for U and V-shape valleys. Proposed
sedimentary infilling of valleys would not affect the top width and thus, we would expect that
both U- and V-shape valleys preserve the observed decrease in top width as latitude increases

(Figure 6). However, only the V-shape profiles exhibit a narrowing of top width for valleys at
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high latitudes relative to those located near the equator (Figure 8). Based on the results from
these two tests, the hypothesis that U-shape valleys were originally formed with a V-shape and
later sediment fill resulted in the observed flat-bottom floor is rejected. Aeolian fill itself does
not explain the flatness observed within U-shape valley. Furthermore, this analysis suggests that
aeolain fill has had only a minor influence on valley shape and is consistent with the estimated
<20 m of aeolian fill by Goldspiel et al. [1993]. U-shape valleys appear to be formed from a

different set of processes than the V-shape valleys.

Alternatively, the V-shape valleys could evolve into U-shape valleys through valley
widening (Figure 14b). To extrapolate the original V-shape, the bottom width of U-shape
valleys was minimized to a point while maintaining the observed wall slope, 6. Table 5 reports
the derived original top width, Wrorig, and original width-to-depth ratio, Forig, for the extrapolated
V-shape. Comparison between Foq and Fy (from Table 3) illustrates an overall agreement. The
derived Forig Values are lower for depths less than 150 m than the observed Fy values. This is
likely attributed to the fact that valley widening process may also have increased the depth.
Thus, we conclude that widening of V-shape valleys to produce U-shape valleys is a viable
hypothesis.

Discussion
Interpretation of Valley Network Shape

For both V- and U-shape valleys, it is assumed that the modeled valley shape as a
function of depth represents a development continuum, where the deeper valley would generally
result from a more advanced stage of the same process or processes that form the shallow valley
(Figure 12). The results of the model include lower F values (the valleys get deeper faster than

they get wider) and steeper wall slopes at greater depths. Fully 41% of the networks examined
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had both U- and V-shape profiles within the same network system. However, there are notable
differences between U- and V-shape profiles which suggests that certain processes may have
been more dominant in the formation of U-shape profiles relative to their VV-shape counterparts.
The average U-shape profile is slightly deeper and significantly wider than the average V-shape
profile (Table 1). Further, the top width of U-shape valleys does not exhibit the latitude
correlation observed for the VV-shape valleys (Figure 8). Perhaps most revealing is the fact that
by narrowing the current U-shape valley until the bottom width goes to zero while maintaining
the wall slope results in a width to depth ratio, F, similar to the V-shape valleys for the same
depth (Table 5). Collectively, these results suggest that U-shape valleys developed with more
valley widening relative to V-shape valleys, suggesting that side-wall sapping may have been an
important process in the development of the U-shape profile.

These results are consistent with the Baker and Partridge [1986] model where V-shape
valleys form via surface overland flow processes and U-shape valleys form secondarily through
re-activation of the same valleys by headward extending sapping processes (see their Figure 10).
According to this model, vertical incisement is the primary determinant of the valley depth. In
these original V-shape valleys, the depth of incision controls the top width (Figure 4) and would
yield a constant top-width-to-depth ratio, F, as a function of latitude (Figure 11). Secondary
sapping processes affecting the lower portion of the drainage network would principally result in
valley widening (particularly via side-wall sapping), a minimal increase in valley depth and a U-
shaped valley. Given the initial constant F as a function of latitude for V-shape valleys, the
sapping processes that widen the valley to produce U-shape valleys would result in higher F
values as latitude increases (Figure 11) if widening was constant with latitude (Figure 8b). This

mechanism requires a high water table and recharge is necessary to sustain sapping. The
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formation of valley networks ceased at the end of the heavy bombardment period presumably
due to a lowering or freezing of the water table. Small-scale mass wasting has occurred since
valley network formation as evident by small dark streaks on valley walls in MOC images;
however, this process has not affected valley width. Finally, aeolian infilling has occurred,
resulting in small scale (<20 m) aeolian mantles and dune fields on many valley network floors.
The observation that average valley wall slopes increase with depth indicates wall slope
steepening with time if shallower valley networks are examples of deeper valley networks earlier
in their development. Several models of mass wasting have been documented on the Earth
(slope decline, parallel slope retreat, etc.); however, all of them result in a maintenance or a
decrease in wall slope with time [e. g. Young, 1969], contrary to our inferred steepening of wall
slopes with time on Mars. Wall steepening with time could develop if the rate of vertical
incisement is much faster than the rate of lateral erosion, a scenario consistent with the observed
decrease in F with depth (Figure 12). These conditions are present in surface overland flow
processes (the first phase of valley network development in the Baker and Partridge [1986]
model). Alternatively, undermining of the valley walls is a mechanism that would result in
steeper wall slopes with depth. Clearly, side-wall sapping would steepen wall slopes in the
downstream U-shape reaches during the second phase of valley network development in the
Baker and Partridge [1986] model. In the proposed earlier phase of surface flow runoff, several
scenarios could lead to lateral erosion in the upper reaches of the valley network system. (1) As
a stream gets close to base-level, vertical incisement slows and a larger percentage of the
stream’s energy is converted into lateral erosion. (2) Lateral erosion can be enhanced by high
discharges where the stream energy suddenly increases, as would occur in flood conditions. (3)

Surface flow may have encountered an impermeable, resistant, competent unit at depth and flow



22

would begin to undermine the wall stability by lateral erosion leading to wall collapse. This later
scenario is particularly appealing, as the presence of a basal, impermeable layer is necessary for
the proposed, later-stage sapping phase.

This model, coupled with previous observations and inferences of valley networks,
suggests constraints on the host material valley networks formed within. (1) MOC images reveal
layering of valley walls [Malin et al., 1998; Carr and Malin, 2000]. (2) Carr and Malin [2000]
make a compelling case that the lack of micro-dissection of the martian surface in MOC images
can best be explained if the host rock is very permeable and infiltration rates are high. Further,
terrestrial cases of low drainage densities (still 2-3 orders of magnitudes larger than the drainage
densities observed in martian valley network systems) are associated with regions with a high
infiltration capacity of the surface [Ritter, 1986]. (3) Material shed from the valley walls must
readily break down to fine particles or be soluble so that discharge within the system was
sufficient to remove this eroded sediment. If the rock breaks down to gravel-sized or larger
particles, these armor the valley floor and arrest vertical downcutting [Schumm, 1977]. (4)
Finally, massive, competent rocks favor vertical incisement over lateral erosion [e.g. Morisawa,
1968]. The candidate rock units that meet all of these conditions are fractured basalt or indurated
volcanic ash/cinders, both consistent with inferred surface rock types [e.g. Bandfield et al.,
2000].

Relationship of Valley Network Shape to Latitude

We observe a ~50 m decrease in mean valley depth from the equator to higher latitudes
(Figures 7 and 9). The dependence of depth with latitude does not follow the predicted
relationship implied by the geothermal sapping theory [Squyres, 1989a]. The depth of the 273

isotherm demarcates the pure ice-water boundary and, according to this theoretical model, this
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boundary was proposed to be the parameter that primarily governed the sapping depth. Surface
temperature decreases from the equator to the pole because of the latitudinal decrease in solar
insolation. An increase in elevation from the equator to the south pole [Smith, et al., 1999] adds
to this effect in the southern hemisphere. Given a globally uniform surface heat flux, the depth
to the 273 K isotherm would increase at higher latitudes, particularly in the southern hemisphere.
Even accounting for infilling, as discussed above, the deepest valley networks are found near the
equator. Thus, the geothermal sapping model is inconsistent with the MOLA observations.

A decrease in depth of valleys at higher latitudes relative to equatorial latitudes for both
U- and V-shaped valleys is observed (Figure 9). However, only the V-shaped valleys exhibit a
decrease in top width as latitude increases (Figure 8). These results make sense in terms of the
two-phase valley network formation model of Baker and Partridge [1986]. The first phase of
surface runoff produced the V-shape profile, and the depth of incision controlled the top width.
In the second phase, sapping processes predominantly widened the valley, producing a U-shape.
Thus, U-shape valleys preserve the latitude dependence of depth, but overprint the latitude
dependence of width observed in V-shape valleys.

Several scenarios could explain the apparent latitude dependence of the surface runoff
process (first phase). Changes in the orbital and rotational motions of Mars may have aided the
existence of an early warmer and wetter climate and increased the effect of the seasons [Ward,
1992]. Seasonal effects affecting surface temperature as a function of latitude may have
impacted valley network formation rates if surface runoff processes were involved. Thus, it is
possible that near-equatorial valley networks could form year-round while the formation of
valley networks at higher latitudes would slow or even cease for the half of the martian year

during the cold season. Interestingly, near-equatorial valley networks are presently
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approximately twice as deep as those found at higher latitudes which is suggestive of a doubling
in formation rate at the equator. Furthermore, if valley networks formed under climatic
conditions that were warmer and wetter than present, the change in climate may have resulted in
a cessation of valley network formation at high latitudes before low latitudes. That is, as the
climate transitioned to the current cold, dry state, the ground at high latitude could freeze first
and arrest valley network formation while equatorial valley networks continued to form. Climate
change models suggests that this freeze-out would take a couple hundred million years and
would migrate from the poles to the equator [Carr, 1999]. Alternatively, assuming a thicker
atmosphere was present during the Noachian, precipitation may have varied by latitude with the
greatest accumulation in the near-equatorial region, possibly analogous to the precipitation
pattern that is present on Earth. Thus, enhanced precipitation-fed recharge of the ground water
system in the near-equatorial region may contribute to the formation of the deeper valley
networks located there.
Conclusions

Analysis of valley network morphometry can provide insight into the conditions of
formation. This study has demonstrated that the typical valley network shape is a few kilometers
wide and ~100 m deep. The relatively shallow depth indicates that liquid water existed within a
few hundred meters from the surface during the Noachian, if valley networks formed by any
process involving water (sapping, ground water flow, surface runoff, water-lubricated mass
wasting, etc.). The linear correlation of top width and depth may be an indication that the depth
of vertical incision influenced the top width of the valley for the majority of valley networks
(those with depths less than 125 m). Typical characteristics of valley network shape include

steeper wall slopes and lower width-to-depth ratios, F, with increasing depth.
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The hypothesis that U-shape valleys originally formed as V-shaped valleys and that
their flat-floors are primarily the result of subsequent aeolian fill is refuted by the results of this
paper. The model calculations yield a derived V-shape valley that is significantly shallower than
would be expected based on measured V-shape valleys’ width-to-depth ratio, F (Table 4).
Therefore, the flat-floors of U-shape valleys presumably formed during valley network
development. The differences in U- and V-shape valley characteristics must be accounted for by
a variation in the formation mechanisms. Flat-floored (U-shape) valleys have characteristics that
differ from V-shape valleys: (1) U-shape valleys are deeper and wider, and (2) U-shape valleys
do not exhibit decreasing top width with higher latitudes, a characteristic of V-shape valleys.
These observations are consistent with a two-phase model of valley network development
proposed by Baker and Partridge [1986]. Wall undermining by lateral erosion or side-wall
sapping may have occurred during both phases. Small-scale mass wasting and aeolian
deposition has occurred since formation, but has minimally affected the original valley network
shape.

Equatorial valley networks are approximately 50 m deeper relative to those at higher
latitudes. This MOLA observations are contrary to the predicted relationship based on
theoretical arguments from the geothermal sapping model indicating that the depth of sapping is
not controlled by the depth to the ice-water boundary [Squyres, 1989b]. Factors that may result
in deeper valley networks include the availability of water, increased formation efficiency or
increased formation time at the equator. Seasonal cycles, possibly amplified by orbital and
rotational motions of the planet, may also explain why V-shape valley networks, presumably
formed by surface runoff, are roughly twice as deep as high latitude valley networks. These

observations are also consistent with greater precipitation-fed recharge of the ground water
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system at the equator relative to higher latitudes. Alternatively, climate change progressively
freezing the ground from high to low latitudes may have inhibited valley network formation at
high latitudes while near-equatorial valley networks continued to deepen for several hundred
million years.

Future research can expand upon the results presented here. Of fundamental importance
is an exploration of the relationship between valley network morophology and planimetric form
to geologic terrain, a topic beyond the scope of this study. In addition, while we have examined
the global patterns of valley network morphometry, future work should focus on individual
network systems through an examination of MOLA and MOC data to test further the two-stage

formation model advocated here.
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Figure Captions

Figure 1: Topographic profile of valley network from orbit 10130 with MOLA shots marked by
solid dots. Profile is not reprojected to correct for oblique crossing. Vertical exaggeration is
50X. Solid lines illustrate parameters measured: Wr = top width, Wg = bottom width, D =

depth , X marks average wall height. See text for discussion.

Figure 2: Geographical distribution of 1868 MOLA profile measurements acquired in this
study. The distribution of measurements corresponds to the distribution of valley networks,

which are predominantly located in the southern highland terrain.

Figure 3: Frequency histograms of valley network morphometry illustrating the number of
observations for each bin size. White box indicates interquartile range of data. Black line within
box corresponds to median value and the edges of the box denote the median value of the first
(first quartile) and last (third quartile) half of the ordered data set, respectively. a) Depth values
with bin size 20 m. b) Top width values with bin size 250 m. ¢) Width to depth ratios (F) with

bin size 5.

Figure 4: Top width versus depth plot. Plot incorporates 96% of the dataset due to exclusion of
atypical valley networks with depths greater than 275 m. Data points correspond to mean depth
value in 25 m depth bins. Error bars are 1 standard deviation of the mean. A weighted, least-
squares straight-line fit is shown, with a corresponding correlation coefficient, R, of 0.96. The

correlation coefficient measures the strength of the linear association between two quantitative
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variables and ranges from 0 (no linear association) to +1 (perfect linear association) and is

controlled by data with smaller error bars.

Figure 5: Plot of top width-to-depth ratio, F, versus mean valley depth, D, in 25 m depth bins
illustrating induced correlation. Error bars are 1 standard deviation of the mean. A pronounced
decline in F is associated with increasing valley network depth. Atypical depths greater than 375
m, comprising <2% of the database, were not included in this analysis. Equation was derived

from weighted linear regression in Figure 3.

Figure 6: a) Mean top width values plotted for 5° latitude bins. Error bars are 1 standard
deviation of the mean. b) Mean top width values plotted for 20° latitude bins. P-values denote
probability that the two populations have the same mean value. Error bars are 1 standard

deviation of the mean.

Figure 7: a) Mean depth values plotted for 5° latitude bins. b) Mean depth values plotted for 20°
latitude bins. P-values denote probability that the two populations have the same mean value.

Error bars are 1 standard deviation of the mean for both plots.

Figure 8: Mean top width values plotted for 20° latitude bins for a) valley networks with V-
shape profiles and b) valley networks with U-shape profiles. Error bars are 1 standard deviation

of the mean. P-values denote probability that the two populations have the same mean value.
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Figure 9: Mean depth values plotted for 20° latitude bins for a) valley networks with V-shape
profiles and b) valley networks with U-shape profiles. Error bars are 1 standard deviation of the

mean. P-values denote probability that the two populations have the same mean value.

Figure 10: A) Viking image mosaic of Loire Valles, the valley network that emanates from the
Parana Basin. MOLA measurements obtained in this study are denoted by open circles for U-
shape profiles and black triangles for VV-shape profiles. Only profiles for the central trunk of the
system are illustrated. B-F) Cross-sectional profiles across valley networks (locations illustrated
in A) have been re-projected to the plane perpendicular to the inferred flow direction. Cardinal
directions are given at the top and orbit number is given at the bottom of each plot. Vertical
exaggeration is 20X. In general, U-shape profiles are located in the downstream portions of the
central channel while V-shape profiles are located in the tributaries (not shown) and in the upper

reaches of the valley network.

Figure 11: Mean top-width-to-depth ratio, F, plotted in 10° latitude bins for V-shape (circles)
and U-shape (diamonds) valley networks for the southern hemisphere. Error bars are 1 standard

deviation of the mean.

Figure 12: Model-derived valley network cross-sectional profiles at various depths. Both V-
shape and flat-bottomed floor profiles were modeled. As depth increases, the width-to-depth

ratio, F, decreases in both cases.
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Figure 13: MOLA topographic profiles of valley networks with shapes consistent with model-
derived valley network shape. Each valley network has been reprojected to the plane
perpendicular to valley network orientation. Vertical exaggeration is tenfold. Depth and width
to depth ratio, F, is given for each profile in the header. MGS orbit number is in lower right
corner. Approximate center latitude and longitude for each profile are as follows: A) -18.5° S,
87.8° E; B)-3.1°S, 130.3° E; C)-15.2° S, -18.27° E; D)-23.3°S, -10.35° E; E)-22.5°SS,

-9.34° E.

Figure 14:  A) Schematic illustration of measured U-shape valley (black shape) extrapolated
to a hypothetical original V-shape valley based on the measured average wall shape, 6, valley top
width, Wy, and valley depth, D. The original V-shape valley depth, Dyyig, is the sum of valley
depth, D, and the depth of fill, Dgy. B) Schematic illustration of measured U-shape valley
(unfilled trapezoid) extrapolated to a hypothetical original V-shape valley. The measured top
width, Wr, is minimized until the bottom width reaches zero, forming the original VV-shape valley
(black triangle). Using the measured wall slope, 6, the original top width of the V-shape valley,

Wrorig, Can be determined.
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Tables

Table 1: Morphometric Parameters of Valleys

Interquartile

X+ 0 Median Range
Al Depth D (m) 109 + 137 80 50 - 121
Valleys TOP Width Wr (m) 2040 + 1548 1628 1005 — 2574
¥S " Top Width-to-Depth F 29 + 26 22 13-37
Ve sh Depth D (m) 102 + 139 70 45-115
Véﬁe"’fe Top Width Wy (m) 1721 + 1352 1384 918 — 2123
¥S Top Width-to-Depth F 25 + 34 21 13-35
Uesh Depth D (m) 120 + 122 95 65— 135
v:neaze Top Width Wy (m) 3034 + 1934 2624 1833 - 3818
¥S Top Width-to-Depth F 36 + 23 30 19-48

Table 2: Evolution of valley shape as a result of fill processes

This analysis examines the effects of sedimentary fill processes given the original valley shape
and modification scenario as a function of latitude. Valley top width is unmodified in time.
Original conditions are the relationship of channel shape (top-width-to-depth ratio, F) as a
function of latitude at the time of valley development. Modification scenario refers to the
latitudinal distribution of fill. Notation within the table: N means increase, v means decrease,
w/ means with, lat is latitude, const is constant. An ambiguous outcome occurs when the valley
shape, F, could increase or decrease with increasing latitude. Note that for these situations,

valley shape could evolve to have a uniform F as a function of latitude.

Original conditions
Fconstw/MNlat FAw/ ANlat F N w/ A lat

_ Constfillw/Mlat FAw/ Nlat  FAw/ Nlat Fyw/ A lat
MgdlflCafﬂon Fill A w/ A lat FANw A lat FAw/ Nlat  Ambiguous
cenario Fill & w/ A lat Ambiguous Ambiguous  F N w/ A lat
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Table 3: Model-derived Values of Valley Shape as a Function of Depth

V-shape U-shape
Top Width-to- Wall Top Bottom  Wall  Width-to-
Depth  Width depthratio Angle Width Width  Angle, depth ratio
D(m) Wr(m) Fv 0 Wy (m) Wg (M) ) Fu
50 1378.8 27.6 4.2° 2145.6 896.2 4.6° 42.9
100 1935.8 19.4 5.9° 3084.6 1281.7 6.3° 30.9
150 2078.5 13.9 8.2° 3089.5 1181.0 8.9° 20.6
200 2251.6 11.3 10.1° 3752.5 1272.2 9.2° 18.8

Table 4. Extrapolation of U-shape Valleys via Filling to Original V-shape

Original Fill Original V-shape
Depth Depth Depth  width-to-depth width-to-depth
D (m) Dorig (m) Drin (m) ratio Forig Fv
50 85.9 35.9 25.0 ~21.7
100 1711 71.1 18.0 ~12.8
150 242.7 92.7 12.7 ~9.9
200 302.5 102.5 12.4 ~8.6

Table 5: Extrapolation of U-shape Valleys via Widening to Original V-shape

Original Original V-shape
Depth  Top Width width-to-depth  width-to-depth
D(m)  Wrgrig (M) ratio Foig Fv
50 1242.9 24.9 27.6
100 1811.6 18.1 194
150 1915.7 12.8 13.9
200 2469.7 12.3 11.3
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